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Abstract

:

In Korea, to prevent the extinction of Glehnia littoralis, a cultivation method to improve productivity is being studied and quality maintenance technology is required after harvest. The objective of this study was to determine the effect of MAP on the postharvest quality of G. littoralis. The control showed a weight loss rate of more than 5% after 3 days of storage and lost its marketability, whereas MAP treatment (PE or MPE) showed a weight loss rate of about 2–3% during storage for more than 30 days. In the control, MDA and electrolyte leakage increased due to chilling injury. The total chlorophyll content was low and remained constant until about 23 days of storage in the PE treatment group and 15 days in the MPE treatment group. Among the phenolic compounds, chlorogenic acid, rutin, isoquercetin, and nicotiflorin were maintained at significantly higher levels in the PE than in the MPE. In addition, bergapten showed a highly significant upward trend in the MPE, especially after 25 days of storage when the yellowing progressed. In conclusion, MAP treatment effectively maintains quality while minimizing lipid peroxidation and maintaining phenolic compounds during low-temperature storage after harvest of G. littoralis.
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1. Introduction


Horticultural crops are a major source of nutrients such as carbohydrates, proteins, organic acids, and vitamins. However, as they go through each stage, such as selection, transportation, and storage, after harvest, their loss rate increases due to various reasons including moisture loss, vibration, physical damage caused by crushing, and pathogenic diseases caused by certain infectious microorganisms [1,2]. Appropriate postharvest treatment can minimize the water loss and decrease the nutrients used as respiratory substrates by reduced respiration [3,4]. Moisture loss due to transpiration and evaporation is the most critical factor impairing the postharvest quality [5]. Water loss during crop storage results in wilting, which is directly related to the decrease in levels of antioxidant compounds such as ascorbic acid and carotene in Kale [6]. It also causes the generation of excessive active oxygen species (AOS). Representative AOS occurring in plant tissues are singlet oxygen, superoxide, hydrogen peroxide, and hydroxyl radicals [7,8].



The most effective way to reduce water loss in horticultural crops after harvest is to create an atmosphere with high humidity through a modified atmosphere package (MAP) [1,4,5]. By MAP treatment, high CO2 and low O2 conditions are created around fruits and vegetables inside the packaging. Under these atmospheric conditions, spoilage, respiration rate, ethylene production, enzymatic activity, etc., can be controlled, and, consequently, the quality of horticultural crops is maintained after harvest [4,9]. Low temperature storage with MAP treatment is effective in reducing postharvest loss while maintaining the postharvest quality of leafy vegetables and reducing mold growth because the MAP treatment creates an atmosphere suitable for leafy vegetables [10]. However, unsuitable atmosphere conditions such as high carbon dioxide and ethylene accumulation cause deterioration of the postharvest quality [11]. Baby leafy treated with MAP at 8 °C with 20,000 cm3 OTR film maintained leafy vegetable quality with high antioxidant activity and low odor generation [12]. MAP treatment maintained carotene and sugars in netted muskmelon and was effective in both preventing non-enzymatic browning and maintaining membrane integrity [13].



Beach silvertop (Glehnia littoralis Fr. Schmidt ex Miq.) belonging to the Apiaceae family is a medicinal plant found in Korea. G. littoralis is designated as an endangered and protected species in South Korea. G. littoralis mainly inhabits sandy soils containing salinity on the seashore and is losing habitat due to rapid coastal development. Efforts to restore the spontaneous land of G. littoralis, due to reckless damage, to spontaneous land were made in the East Coast of Korea and in Hokkaido in Japan [14]. At the same time, research on vegetative propagation and seed propagation technology was conducted in Korea to prevent the extinction of G. littoralis [15]. As a result, many farmers grow G. littoralis in the open field and greenhouses; the above-ground parts are sold in supermarkets like ordinary vegetables; and its roots are used as medicine [15,16]. In Korea, processed products have also been developed and used as G. littoralis rice wine and bath products. G. littoralis has high antifungal activity, anti-obesity properties, and contains various antioxidants such as quercetin, isoquercetin, rutin, chlorogenic acid, caffeic acid, imperatorin, and bergapten [17,18,19].



According to a study by Hong et al. [17], it was reported that the extraction of G. littoralis can effectively act in the treatment of obesity by inhibiting adipocyte differentiation and intracellular lipid accumulation by downregulating the expression of adipogenic genes. Phenolic compounds are the main secondary metabolites of horticultural crops and have various health-promoting characteristics, such as preventing the accumulation of active oxygen and lipid peroxidation [20,21]. The Apiaceae family, such as G. littoralis, contains various phytochemicals and is reported to have high antioxidant activity [22]. Among the Apiaceae family, celery and parsley are representative aromatic plants, and their flavonoid components have antiradical properties and are significant substances regulating various disorders [22,23]. These flavonoids and polyphenols act to protect the membrane by binding to the phospholipids of the cell membrane [23].



Although the quality of the above-ground part of G. littoralis, used as a leafy vegetable, is easily deteriorated due to weight loss as a result of moisture loss during distribution, no the postharvest quality control technology has been reported.



In this study, the effect of MAP for the postharvest quality maintenance and shelf-life extension of the above-ground parts of G. littoralis was determined and changes in major physico–chemical properties following MAP treatment were also investigated.




2. Materials and Methods


2.1. Plant Material and Treatment


The above-ground parts (leaves and stem) of G. littoralis grown for 24 days from a 3-year-old root were harvested from a farmhouse in Gangneung, Gangwon-do. About 70 g of fresh G. littoralis was MAP-treated using polyethylene film (0.03 mm thickness; length, 0.25 m; and width, 0.25 m). MAP treatment was classified into micro-perforated PE (MPE, 32 pinholes) and PE based on the presence or absence of pinholes, respectively. Bags containing leaves were sealed and stored at 4 ± 0.5 °C (90–95% RH). The control was packaged in paper boxes (length, 0.25 m; width, 0.25 m; and height, 0.05 m) and stored under the same conditions. The quality was investigated by complete random sampling of three bags for the treatment group at intervals of 5 days and the control at 3 days. However, the control, which was not treated with MAP, was stored for 7 days and MAP-treated groups were stored for 37 days. In the control, which was not treated with MAP, the water loss rate increased by more than 20% in 7 days, thus no further quality investigation and analysis tests were conducted.




2.2. Weight Loss and Color Characteristics


The weight change rate during the storage period was expressed as a percentage of decrease from the initial weight. Changes in the leaf color of G. littoralis were measured using a CR-400 colorimeter (Minolta, Osaka, Japan). Color parameters were CIE L*, a*, b*, chroma, and hue angles. Here, CIE L* represents lightness (0 = black; 100 = white), a* represents redness (+)—greenness (−), and b* represents yellowness (+)—blueness (−). CIE a* and b* were converted to hue angle (H° = tan − 1 (b/a)) and chroma (C = (a2 + b2)1/2) to represent color (0° = red-purple; 90° = yellow; 180° = bluish-green; and 270° = blue) and intensity, respectively.




2.3. Total Chlorophyll Content


The total chlorophyll content was determined using a UV/VIS spectrophotometer (Specord 40, Analytik Jena, Jena, German) with some modifications to the previously published method of Wonglom et al. [24]. One gram of fresh G. littoralis and 20 mL of 80% acetone were homogenized with IKA T 18 (IKA T 18 digital ULTRA-TURRAX, IKA Works GmbH & Co. KG, Staufen, Germany) at a speed of 5000 rpm for 3 min and extracted overnight at 4 °C in the dark. The total chlorophyll content was calculated by the following equation.


Chlorophyll a (mg/L) = 12.7 A663 − 2.69 A645










Chlorophyll b (mg/L) = 22.9 A645 − 4.68 A663










Total chlorophyll (mg/L) = 20.31 A645 + 8.05 A663








where A = absorbance at specific wavelength. The total chlorophyll content was converted to mg/g fresh weight.




2.4. Electrolyte Leakage


The degree of chilling injury during storage was confirmed by measuring electrolyte leakage using an electrical conductivity meter [25,26]. A leaf sample of 200 mg from 10 leaves was cut into pieces of 5 mm length, put into 30 mL of distilled deionized water, and incubated while being agitated at a speed of 500 rpm. The electrolyte content of the solution was measured after 1 min (C1) and 3 h (C2) during incubation at room temperature. After that, the samples were autoclaved at 125 °C for 25 min to kill the cells of the tissue and all the electrolytes in the solution were eluted as well as cooled at 25 °C to measure the final electrical conductivity (EC2). The results were expressed as a percentage of electrolyte leakage.


%EL = [(C2 − C1)/EC2] × 100












2.5. Malondialdehyde Content


The degree of lipid peroxidation was confirmed by measuring the malondialdehyde (MDA) content. MDA is a decomposition product of polyunsaturated fatty acids and is measured using the thiobarbituric acid (TBA) reaction [27,28]. About 1 g of the fresh sample was homogenized in 10 mL of ice-cold 0.1% trichloroacetic acid and centrifuged for 10 min (4 °C, 1822× g). One mL of the supernatant was taken and mixed with 4 mL of 0.25% TBA in 10% trichloroacetic acid. After incubation at 95 °C for 15 min, the mixture was rapidly cooled and centrifuged for 10 min (4 °C, 1822× g). The absorbance of the supernatant was measured using a spectrophotometer, calculated by the following equation, and converted to μmol/kg fresh weight.


MDA content (μmol/kg) = [(A532 − A600) × DF]/(ε × 103)








where:




	
ε (molar extinction coefficient): 155 mM−1 cm−1 for MDA; and



	
DF: dilution factor.









2.6. HPLC Analysis of the Phenolic Compounds


G. littoralis sampled over the storage period was freeze-dried and ground into a fine powder using mortar and pestle. A 0.1 g of the powdered sample was extracted using 1 mL of 70% ethanol at 30 °C for 12 h. The mixture was centrifuged (15,000× g, 4 °C) for 20 min and the supernatant was collected. The phenolic composition was determined using ethanol extract. The phenolic compounds were analyzed by a Prominence HPLC system (Shimadzu, Kyoto, Japan) equipped with a diode array UV-vis detector for monitoring at 280 nm and 330 nm. Each component was separated using a C18 column (250 × 4.6 mm, 5 μm, Shimadzu, Kyoto, Japan). Binary gradient elution was performed with solvent A (3 mL of distilled water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid), which were delivered at a flow rate of 0.7 mL/min as follows: 0 min, 12% B; 20 min, 30% B; 50 min, 80% B; 53 min, 80% B; 54 min, 88% B; and 60 min, 88% B. The injection volume was 10 μL and the column temperature was maintained at 40 °C. Among the phenolic compounds, caffeic acid, vanillic acid, ferulic acid, bergapten, and imperatorin were detected at 280 nm for qualitative and quantitative detection, and chlorogenic acid, rutin, isoquercetin, nicotiflorin, quercetin, and kaempferol were detected at 330 nm. The phenolic compounds were quantified in the ethanolic extracts using an external standard calibration in the linear range of 6.25–100 mg/L.




2.7. Statistical Analysis


The experiment was performed using a completely randomized batch method and all analyses were performed in triplicates. Data is expressed as mean ± standard deviation. Statistical analyses were performed using SAS ANOVA (version 7.1). The significance of each measurement was determined using Fisher’s least significant difference (LSD) test at a significance level of p < 0.05.





3. Results and Discussion


3.1. Changes in Weight Loss, MDA, and Electrolyte Leakage


In order to extend the shelf life of G. littoralis, the quality of MAP-treated G. littoralis was checked during storage. MAP treatment (PE or MPE) was found to be effective in reducing the weight loss rate of G. littoralis during storage, as the water loss rate was around 2–3% (Figure 1A). In addition, the control showed a weight loss rate of 5% or more after 3 days of storage and lost its marketability. In G. littoralis treated with MAP, especially after 28 days of storage, the weight loss rate showed a more significant (p < 0.05) increase in the MPE treatment group compared to the PE treatment group. The quality was thus maintained. In general, the marketability of most fruits and vegetables is lost when the water loss rate is about 5–10% of the initial weight, resulting in quality loss due to wilting [29,30]. MAP treatment reduces transpiration by providing a barrier against airflow around the fruit which is the diffusion of water from the peel to the surrounding area in the form of water vapor [9,30]. In addition, the change in the air composition inside the package by MAP treatment is effective in reducing water loss by suppressing the transpiration and minimizing the respiration rate in fruits and vegetables [30].



Since the MAP-treated G. littoralis were stored at a low temperature of 4 °C for a long time, there is a possibility that it may suffer from chilling injury. The occurrence of chilling injury can be determined by the degree of damage to the cell membrane. In order to check the integrity of the cell membrane, changes in MDA content and electrolyte leakage were checked during storage. In the control, MDA production increased sharply after 3 days of storage, showed a maximum at 8 days of storage, and then decreased. In contrast, the MAP treatment group did not show a significant difference (p < 0.05) between the PE and MPE treatments, and there was a high MDA increase in the MPE treatment group after 37 days of storage (Figure 1B). MDA is a secondary metabolite produced by the oxidation of polyunsaturated fatty acids and is an indicator of the lipid peroxidation caused by abiotic stress [31]. The intensity of lipid peroxidation varies according to the degree of exposure to low temperatures. An increase in MDA means that the cell membrane is under oxidative stress from free radicals such as AOS [32]. In the case of bananas, when exposed to a low temperature of 8 °C, the production of MDA was high, whereas when stored at 25 °C, the amount of MDA production was significantly lower and the difference increased with time [31]. In the control, the trend of increasing MDA was similar to that of the increasing water loss rate. It is believed that MDA increases due to the oxidative stress caused by water loss. Hodges et al. [33] reported that water loss leads to a decrease in antioxidants. In kale and cabbage, the amount of ascorbic acid decreased due to water loss and the content of carotene also had decreased in kale [33]. Water loss in crops caused large amounts of hydrogen peroxide production but high-humidity MAP treatment inhibited the development of AOS while maintaining the ascorbic acid and total carotene content in the fruit, as well as its membrane integrity [34]. Additionally, one of the symptoms of chilling injury is water loss. When cucumbers were stored at 0, 5, and 10°C, the water loss and EL content was higher at 5 °C when compared to 0 and 10 °C [35].



In G. littoralis, where both leaves and stems are used, electrolyte leakage observations of the leaves and stems were analyzed separately for chilling injury (Figure 1C,D). In G. littoralis, electrolyte leakage was higher in the stem than in the leaves. The leaves of G. littoralis have many wax layers and a thick mesophyll, whereas the stem does not. It is considered that this morphological difference induced the difference in the electrolyte leakage. The leaf EL in the control increased on the third day but decreased after 5 days of storage and was relatively high in the MPE treatment, and there was no clear trend at the beginning of the storage. However, stem EL showed a steady increase. In particular, the MPE treatment after 15 days of storage showed a higher EL than the PE treatment group. Lipid peroxidation caused by loss of cell membrane integrity has a negative effect on electrolyte leakage [25]. The generation of MDA, an indicator of lipid peroxidation, exacerbates cell membrane damage and, consequently, electrolyte leakage. An increased MDA can reflect the degree of cell membrane damage that occurs in response to various stresses [36]. It seems that the stress response of the control when exposed to low temperature causes electrolyte leakage and an increase in the levels of MDA.




3.2. Changes in Total Chlorophyll Content and Color Values


G. littoralis, a leafy vegetable, undergoes yellowing by decomposition of chlorophyll during storage. The total chlorophyll content was the lowest in the control but remained high in the MAP treatment group for a certain period (Figure 2A). In the PE treatment group, the initial chlorophyll content was maintained until the 23rd day of storage, whereas in the MPE treatment group, it was maintained until around the 15th day of storage, but showed a sharp decrease thereafter (p < 0.05). A similar trend was observed in chlorophyll a and chlorophyll b (Figure 2B,C). The time point at which the total chlorophyll content decreased in the MPE treatment coincided with the time at which the stem electrolyte leakage increased (Figure 1D and Figure 2A).



In addition, during the storage of G. littoralis treated with MAP, a decrease in the total chlorophyll content and a changing pattern of the leaf color was observed. CIE L* showed a highly significant difference (p < 0.001) between PE and MPE treatment after 30 days of storage and the time point at which CIE b* increased coincided with the time point at which the total chlorophyll content decreased (Figure 3A,C). The hue angle representing the color of the PE treatment was maintained at approximately 125° (green color) during storage, while that of the MPE treatment was completely yellow due to a decrease in the total chlorophyll content after 37 days of storage. Thus, the intensity of the color increased (Figure 3D,E). Yellowing caused by the destruction of chlorophyll in leafy vegetables is one of the aging processes and the appearance of yellowing means that aging has already begun. This yellowing phenomenon can be controlled by storage conditions [37,38]. Moisture stress, temperature, and the occurrence of ethylene in the initial stage of the decomposition of chlorophyll accelerate the yellowing phenomenon [39].




3.3. Changes in Phenolic Compounds


Polyphenols, including phenolic acids, flavonoids, coumarin, stilbene, and tannin, are essential antioxidants in horticultural crops [7]. Polyphenols contain aromatic rings with -OH or -OCH3 substituents. They inhibit AOS and prevent lipid peroxidation by binding to lipid alkoxyl radicals [7]. The content of phenolic compounds in G. littoralis was investigated in the MAP treatment group only for the control, as it had a short storage period due to water loss. Various types of polyphenols exist in G. littoralis (Figure 4). The phenolic acid present in G. littoralis has three types of hydroxycinnamic acid groups, namely ferulic acid, caffeic acid, and chlorogenic acid, and one type of a hydroxybenzoic acid group, namely vanillic acid. The main phenolic acid of G. littoralis was chlorogenic acid, followed by ferulic acid, vanillic acid, and caffeic acid. Chlorogenic acid was maintained at a higher amount in the PE treatment group than in the MPE treatment group depending on the storage period (Figure 5). Chlorogenic acid is produced from the esterification of caffeic acid and quinic acid, and is a major hydroxycinnamic acid derivative, which acts as an antidiabetic and anti-inflammatory agent [20].



Another type of polyphenol with high antioxidant capacity is flavonoids, which are also present in large amounts in G. littoralis. The main flavonoids of G. littoralis are rutin, isoquercetin, nicotiflorin, quercetin, and kaempferol (Figure 6). During storage of MAP-treated G. littoralis, the flavonoids that were significantly (p < 0.01) high in the PE treatment group were rutin, isoquercetin, and nicotiflorin. These three types of flavonoids accounted for more than 80% of the total flavonoids. The main flavonoid in G. littoralis is rutin, which is also the most abundant polyphenol present in it. Flavonoids are widely present in fruits and vegetables, and are effective against various diseases such as cancer and cardiovascular diseases [40]. In particular, the product of rutin, which is abundantly present in the above-ground part of G. littoralis, is dependent on light. White asparagus grown in low levels of light have a low rutin content [41]. The dark green leaves of G. littoralis have exceptionally high rutin levels, which remains constant during storage (Figure 6A). According to a study by Przeor et al. [42], it is reported that rutin and chlorogenic acid have antidiabetic effects. Chlorogenic acid has the effect of reducing glucose absorption by lowering glycogenolysis and rutin has the effect of both preventing cancer and inhibiting peroxidation of LDL cholesterol. This effect was increased by conditioning a polish variety of white mulberry (Morus alba L., Folium Mori) at 32–35 °C for 1–4 h.



Coumarins such as imperatorin and bergapten are the kinds of polyphenols present in G. littoralis. The levels of imperatorin were about three times higher than bergapten. While bergapten showed a highly significant and steady upward trend in the MPE treatment group, imperatorin showed no particular trend while repeating the increase and decrease in both the PE and MPE treatment groups, and its value at the end of the storage period was same as the initial value (Figure 7). It has been reported that bergapten is effective against leukemia, hepatitis, and skin tumors as it has high anti-inflammatory activity. In plants, it shows a rapid increase when under stress conditions such as bacterial infection or drying [37,43,44]. Additionally, in this study, the bergapten of the MPE treatment group was maintained at a higher amount during storage compared to the PE treatment group and showed an increasing pattern in the MPE treatment group from around 15 days of storage, but showed a sharp increase after 25 days of storage particularly when the yellowing phenomenon progressed (Figure 2A and Figure 7A).



As a result of analyzing polyphenols such as phenolic acids, flavonoids, and coumarins of G. littoralis, the PE treatment group showed higher levels polyphenols than the MPE treatment group. Polyphenols were maintained at a high amount by PE film treatment as it minimizes the lipid peroxidation of G. littoralis stored for a long time when at low temperatures. In addition, when G. littoralis was MAP-treated and stored, the PE and MPE treatment had little effect on the quality of G. littoralis during a short-term storage of 15 days but PE treatment was more effective when stored for more than 15 days.





4. Conclusions


MAP treatment was effective on G. littoralis stored at 4 °C for a long-term period. The control showed a weight loss rate of 5% or more after 3 days of storage and lost its marketability, whereas the MAP treatment groups showed a weight loss rate of about 2–3% during the storage period of 30 days or more. In the control group, MDA and electrolyte leakage, which are indicators of lipid peroxidation, increased due to chilling injury from 3 days after exposure to low temperatures. The total chlorophyll content was also low in the control but remained high in the MAP treatment groups for a certain period. In particular, the PE treatment maintained the initial chlorophyll content until the 23rd day of storage, whereas the MPE treatment maintained the chlorophyll content until about the 15th day of storage, but showed a sharp decrease thereafter. The main phenolic acid of G. littoralis was chlorogenic acid and was maintained at a higher amount in the PE treatment group than in the MPE treatment group depending on the storage period. The important flavonoids, including rutin, isoquercetin, and nicotiflorin, were also significantly higher in the PE treatment group. Among the coumarin components, bergapten showed a significant increase in the MPE treatment group, especially after 25 days of storage when yellowing progressed. Polyphenol levels maintained at a high amount by PE treatment could minimize the lipid peroxidation of G. littoralis stored for a long time at low temperatures and PE treatment without micro-perforation is practical for long-term storage periods of more than 15 days.
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Figure 1. Weight loss (A), MDA production (B), electrolyte leakage of leaf (C), and electrolyte leakage of stem (D) of G. littoralis during storage at 4 °C. MAP treatment was classified into micro-perforated PE (MPE, 32 pinholes) and PE on the basis of the presence or absence of pinholes, respectively. Values are shown as mean ± standard deviation. Statistical significance was shown by a t-test between PE and MPE at each time point during storage (*** p < 0.001, ** p < 0.01, and * p < 0.05). The arrow indicates (B–D) the time point after 5 days of storage and the statistical analysis of each value between the control and MAP treatment is displayed as a bar graph in the inner box. The different letters represent the significant differences by Fisher’s least significant difference (LSD) test; p < 0.05. 
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Figure 2. Total chlorophyll content (A), chlorophyll a content (B), and chlorophyll b content (C) of G. littoralis during storage at 4 °C. MAP treatment was classified into micro-perforated PE (MPE, 32 pinholes) and PE on the basis of the presence or absence of pinholes, respectively. Values are shown as mean ± standard deviation. Statistical significance was shown by a t-test between PE and MPE at each time point during storage (*** p < 0.001, ** p < 0.01, and * p < 0.05). 
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Figure 3. Changes in color values of G. littoralis during storage at 4 °C. (A), CIE L* value; (B), CIE a* value; (C), CIE b* value; (D), hue angle; and (E), chroma value. MAP treatment was classified into micro-perforated PE (MPE, 32 pinholes) and PE on the basis of the presence or absence of pinholes, respectively. Values are shown as mean ± standard deviation. Statistical significance was shown by a t-test between PE and MPE at each time point during storage (*** p < 0.001, ** p < 0.01, and * p < 0.05). 






Figure 3. Changes in color values of G. littoralis during storage at 4 °C. (A), CIE L* value; (B), CIE a* value; (C), CIE b* value; (D), hue angle; and (E), chroma value. MAP treatment was classified into micro-perforated PE (MPE, 32 pinholes) and PE on the basis of the presence or absence of pinholes, respectively. Values are shown as mean ± standard deviation. Statistical significance was shown by a t-test between PE and MPE at each time point during storage (*** p < 0.001, ** p < 0.01, and * p < 0.05).



[image: Processes 09 02052 g003]







[image: Processes 09 02052 g004 550] 





Figure 4. HPLC chromatograms of phenolic acids (chlorogenic acid, r2 = 0.9999; ferulic acid, r2 = 1; caffeic acid, r2 = 1; and vanillic acid, r2 = 1), flavonoids (rutin, r2 = 0.9999; isoquercetin, r2 = 0.9999; nicotiflorin, r2 = 0.9999; quercetin, r2 = 0.9998; and kaempferol, r2 = 0.9999), and coumarins (bergapten, r2 = 1 and imperatorin, r2 = 1) in the ethanolic extract of G. littoralis. 
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Figure 5. Changes in the phenolic acids of G. littoralis during storage at 4 °C. (A), chlorogenic acid; (B), ferulic acid; (C), caffeic acid; and (D), vanillic acid. MAP treatment was classified into micro-perforated PE (MPE, 32 pinholes) and PE on the basis of the presence or absence of pinholes, respectively. Values are shown as mean ± standard deviation. Statistical significance was shown by a t-test between PE and MPE at each time point during storage (*** p < 0.001, ** p < 0.01, and * p < 0.05). 
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Figure 6. Changes in the flavonoids of G. littoralis during storage at 4 °C. (A), rutin; (B), isoquercetin; (C), nicotiflorin; (D), quercetin; and (E), kaempferol. MAP treatment was classified into micro-perforated PE (MPE, 32 pinholes) and PE on the basis of the presence or absence of pinholes, respectively. Values are shown as mean ± standard deviation. Statistical significance was shown by a t-test between PE and MPE at each time point during storage (*** p < 0.001, ** p < 0.01, and * p < 0.05). 
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Figure 7. Changes in the coumarins of G. littoralis during storage at 4 °C. (A), bergapten and (B), imperatorin. MAP treatment was classified into micro-perforated PE (MPE, 32 pinholes) and PE on the basis of the presence or absence of pinholes, respectively. Values are shown as mean ± standard deviation. Statistical significance was shown by a t-test between PE and MPE at each time point during storage (*** p < 0.001, ** p < 0.01, and * p < 0.05). 
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